ABSTRACT
Whether induced by infection, inflammation, ischemia, and/or surgical injury, peritoneal adhesions are the leading cause of pelvic pain, bowel obstruction and infertility. It is clear that while postsurgical peritoneal wounds heal without adhesions in some patients, others develop severe scarring from seemingly equal procedures; in addition, in the same patient, adhesions can develop at one surgical site and not in another. The mechanisms underlying the predisposition to form adhesions as well as their site specificity are completely unknown. However, a large number of intraperitoneal surgical procedures are performed each day in the USA, and thus many patients are at risk of developing postoperative adhesions. Therefore, understanding of adhesion formation at the molecular level is essential and in the absence of such information, attempts to prevent patients from developing adhesions will remain an empirical process. The unprecedented advancement in molecular biology during the past decade has led to the identification of many biologically active molecules with the potential of regulating inflammatory and immune responses, angiogenesis and tissue remodeling, events that are central to normal peritoneal wound healing and adhesion formation. Although, the insight into their importance in the development of tissue fibrosis has substantially increased, their major roles in peritoneal biological functions and adhesion formation remain at best speculative. This article reviews the clinical implications of adhesions and attempts to highlight some of the key molecules i.e. growth factors, cytokines, chemokines, proteases and extracellular matrix, that are recognized to regulate inflammation, fibrinolysis, angiogenesis, and tissue remodeling, events that are central to peritoneal wound repair and adhesion formation. Finally, the article discusses the potential application and site specific delivery of several active compounds that are developed to alter the local inflammatory and immune response i.e., cytokine/chemokine network, targeted gene delivery and development of a new generation of biomaterials to prevent adhesion formation. Such understanding of peritoneal biology not only assist us to better manage patients with adhesion, but also those with endometriosis and malignant diseases that affect the peritoneal cavity.
CLINICAL IMPLICATIONS
In humans, postoperative adhesion formation has been a problem since the advent of intra-abdominal manipulation. Even today, after immense improvement in surgical instrumentation and techniques as well as the development of various postsurgical devices to prevent adhesion formation, intraperitoneal adhesions remain a major clinical concern. During the past two decades, clinical observations have consistently confirmed and estimated that between 60 to 100% of patients undergoing abdominal/pelvic surgery develop peritoneal adhesions. These observations have also revealed a direct proportional link between the frequency of surgery and the incidence of adhesion formation. Although postoperative adhesions are recognized as a consequence of surgery, patients with pelvic inflammation or endometriosis also are at risk of developing adhesions. For this reason, common use of laparoscopic intervention in various abdominal and pelvic surgical procedures has led to the belief that such an approach is less likely to cause adhesions with lower postoperative morbidity compared with laparatomy. Laparoscopic surgery often is more precise than open surgery, causing less tissue drying and more localized tissue trauma. However, the difference between the incidence of postoperative adhesion formation caused by laparatomy versus laparoscopic procedures is, at best, controversial.
While most of the earlier studies have been conducted in female infertility patients, recent studies showed that 94% of women without infertility and men who had undergone colectomy developed adhesions immediately beneath the midline abdominal incision at second-look (1) (2) (3) (4) (5) (6) (7) (8) . The most recent epidemiological studies, which examined a ten year follow-up of over 54,000 patients' medical records from the Scottish National Health Service Registrar Database, have clearly pointed out both the immediate and long term scope of peritoneal adhesion associated morbidity following gynecological and lower abdominal surgeries (2, 3) . These studies have concluded that 30 to 35% of all hospital readmissions were associated with potential adhesion associated complications, of which 4.5 to 5.1% were directly related to adhesions. Patients who underwent gynecological surgery involving ovaries and fallopian tubes were even at the highest relative risk of hospital readmission for complication directly related to adhesions, with an overall rate of readmission of 80 to 100 per 100 initial procedures, with 15% occurring during the first year and continued over the next 10 years. A similar trend was also found in hospital readmission of patients who had undergone gastrointestinal surgery, with an overall rate 2.5 times higher than other lower abdominal surgical procedures. Another 22.1% of patients required additional surgery for reasons that were possibly related to adhesions (3) . Peritoneal adhesions affecting the uterus, fallopian tubes, or ovaries have been shown to account for approximately 20% of all infertility, a problem that is experienced by 10% of reproductive age women (1) . Collectively, adhesions are a key initiating cause of infertility, chronic abdominal/pelvic pain and bowel obstruction, and they impair the organs' unique physiological functions. Although controversial, the presence of abdominal-pelvic pain has often been attributed to adhesions, which are estimated to be a contributing factor in up to 30% of women with chronic pain (1) . Extensive adhesions can also lead to serious complications for peritoneal dialysis patients or those who require intraperitoneal drugs or nutrition. Even for patients who do not suffer from adhesion-associated complications, the presence of adhesions in re-operative procedures can prolong operative time and increase the risk of intraoperative/postoperative complications due to injuries to the bowel, bladder, blood vessels or other sites (1) (2) (3) (4) (5) (6) (7) (8) . Failure to identify and acknowledge the scope of adhesionassociated problems may be a contributing factor that has hampered our goal of developing measures to prevent adhesions, and is due in large part to ethical and logistical restraints to the performance of second-look operations to assess the extent of postoperative adhesion development.
The recognition that adhesions contribute to the above clinical problems has generated a great deal of interest in development of creative techniques or products to prevent postoperative adhesion development (5) (6) (7) (8) . Despite continued efforts and advancements, these measures have been found to be ineffective; rather, at best, they only reduce the incidence of adhesion formation. Even currently available devices, i.e. bio-absorbable membranes, gels, and coating solutions, as well as materials presently undergoing clinical trials, are formulated such that they have a casual relationship with the ultimate goal of serving as an ideal tool to prevent postoperative adhesion development. In addition to a significant clinical burden associated with surgical and medical work loads, the economic impact of adhesion related to medical expenses, currently estimated to be around 2-4 billon dollars annually in the United States alone (1) (2) (3) (4) (5) (6) (7) (8) , as well as the indirect costs associated with reduced business efficiency or time lost from work, make finding a successful adhesion prevention strategy an urgent necessity. However, to reach this goal we must first increase our understanding of the peritoneal wound environment at the molecular level, which will allow the development of devices that far exceed the need of satisfying the basic biocompatibility with the surrounding environment. Most of our current knowledge of peritoneal wound healing and adhesion formation derives from analogous studies of dermal wound healing and scar tissue formation. Such comparisons have been instrumental in increasing our overall knowledge of the peritoneal wound molecular environment, since peritoneal adhesion formation is a defective wound healing process that is similar to dermal scar formation. However, there are reasons to address the issue of peritoneal wound healing and adhesion formation in a different context in order to identify those differences that may aid us to more effectively reach our ultimate goal. We still poorly understand why adhesions form more frequently in an individual tissue and/or patient than in others. Although improved surgical techniques and limited manipulation of organs during surgical procedures are probably important in preventing adhesions, the post-genomic era with its wealth of information may be useful in answering this question at the molecular level. In addition, the development of superior postsurgical devices that have biocompatibility with their surrounding environment and carrying wound modifying agents could improve the management of adhesion development. In this review, we attempt to highlight some of the key molecules recognized to modulate the outcome of wound healing and scar tissue formation and discuss potential avenues that could be utilized to locally alter their expression to reach an adhesion-free peritoneal environment. Figure 1 . Schematic representation of early events following peritoneal injury and involvement of a number of cytokines, chemokines, growth factors, eicosanoids, proteases and adhesion molecules that regulate blood clot formation, inflammation, cell migration involving leukocytes, macrophages, and fibroblasts to initiate the wound repair.
MOLECULAR EVENTS IN PERITONEAL ADHESION FORMATION
The serosal surface of intraperitoneal organs and the parietal peritoneum is composed of mesothelial cells. Taken together, these surfaces comprise the largest surface area in the body that almost equals that of the skin. Peritoneal inflammation, ischemia, infection, and surgically-induced tissue trauma can easily damage or permanently remove these cells, exposing the submesothelial connective tissue (Figures 1 and 2 ). The onset of cellular and tissue injury is associated with remarkable morphological and biochemical alterations which promote repair of the defective region. However, when this process is unregulated, the outcome of wound healing is associated with excessive tissue or scar formation (9) . In contrast, fetal wounds heal with nearperfect regeneration or scarless healing (9) . The regulating mechanism underlying fetal tissue regeneration is unknown, although the extent of trauma and degree of inflammation are considered important elements. Interestingly, this phenomenon appears to apply only to dermal wound healing, because injury to other fetal tissues, including intraperitoneal organs, results in scarring similar to that which occurs in adult tissues. In addition, aging slows the rate of dermal wound healing, while peritoneal wounds do not appear to follow this trend.
The overlapping and dynamic processes that lead to peritoneal wound healing include inflammatory response, cell growth and differentiation, angiogenesis, extracellular matrix turnover, tissue remodeling, and apoptosis. While many phases of peritoneal wound repair and specific mechanisms regulating these activities resemble dermal wound healing, two fundamental differences must be taken into consideration. First, dermal injuries heal inward from the edges such that the rate of healing is dependent on the size of the lesion. On the other hand, peritoneal wounds are thought to heal by the differentiation of underlying progenitor cells, the movement of mesothelial cells from the edge of the wound towards the center, and by seeding of the wound with mesothelial cells detached from other regions, such that healing occurs simultaneously throughout the lesion and independent of the surface area of the injury (10) . Second, peritoneal wounds are continuously exposed to many substances that are synthesized and released by mesothelial, inflammatory and immune cells in peritoneal fluid and various other cell types within the wound. Therefore, direct and indirect autocrine/paracrine feedback regulation initiated by local expression of these molecules is an important component and determinant of the outcome of peritoneal healing and adhesion formation.
The identity and precise nature of the molecules that are involved in peritoneal repair processes are not yet known. However, emerging evidence from studies examining peritoneal wound and peritoneal fluid during healing and comparative analogy with dermal wound Figure 2 . Schematic representation and involvement of a number of cytokines, chemokines and growth factors that regulate angiogenesis that ultimately leads to either peritoneal wound healing or adhesion formation.
healing has led to the hypothesis that local expression of autocrine/paracrine growth factors, cytokines, chemokines, proteases, adhesion molecules and the extracellular matrix, etc. plays a critical role in these events. As evidenced by different degrees of peritoneal tissue repair, the expression of these molecules and their biological signals must be optimal, precise, and synchronized. The correct and timely progression of expression and interaction among these signals appear to provide an optimal environment for near perfect tissue repair. In contrast, the aberrant function of some of these factors seems to be responsible for inappropriate wound healing processes affecting the inflammatory response, cellular migration, proliferation, angiogenesis, and tissue remodeling that result in peritoneal adhesions.
Inflammatory Mediators and Adhesion Formation
Most of o ur understanding of the process of peritoneal inflammation and its key regulators has been accumulated from clinical and basic science research on pelvic inflammatory disease and peritoneal infection in peritoneal dialysis patients (11). Peritoneal dialysis is performed in a substantial number of patients annually and is also the leading cause of adhesion formation (11). These studies have led to recognition of an array of molecules that are established as key regulators of peritoneal host defense mechanisms and functional activity generated to heal the defected area in response to infection, inflammation or cellular/tissue injury (10) (11) (12) . The inflammatory and immune cells that reside or migrate into the peritoneal cavity, mesothelial cells lining the visceral and parietal peritoneum, fibroblasts which reside within the submesothelial tissue, and their secretory products are the key regulators of the peritoneal response to these events (10) (11) (12) . The individual and combined actions of these molecules are to initiate, amplify, and control many molecular events that ultimately lead either to resolution of the inflammatory response, peritoneal wound repair, or adhesion formation (Figures 1 & 2) .
In the case of peritoneal injury, coagulation and platelet aggregation are initiated to prevent excessive blood loss. Cell surface activation of Hagemann factor, a tissue procoagulant factor released from damaged cells, as well as the activation of surface membrane coagulation factors and phospholipids, expressed by activated platelets and vascular endothelial cells, initiate these events and promote the healing of peritoneal defects (13) (14) (15) . At the same time, as a requirement for initiation of tissue repair, the clots must begin to lyse. Both clot formation and degradation are regulated by many intrinsic substrates including eicosanoids such as prostacyclin, thromboxane, leukotrienes, antithrombin III, protein C, plasminogen activators, and plasminogen activator inhibitors (13) (14) (15) (16) (17) (18) (19) (20) (21) .
The activities of these substances are regulated by the local release of various soluble factors produced by platelets and, later in the process, by infiltrating and activated inflammatory and immune cells. Platelets release a network of highly active substances into the wound environment, some with adhesive properties that act as ligands for platelet aggregation, e.g. fibrinogen, fibronectin, thrombospondin, and von Willebrand factor VIII. Von Willebrand factor VIII also mediates platelet adhesion to fibrillar collagens through interaction with integrin and subsequent platelet activation (14) (15) (16) (17) (18) . Activated platelets also release leukocyte chemotactic factors, platelet derived growth factor (PDGF), transforming growth factor alpha (TGF-α), heparin binding epidermal growth factor (HB-EGF), transforming growth factor beta (TGF-β), etc. (22) (23) (24) (25) (26) (27) . The fibrin clot, which provides an early form of extracellular matrix (ECM), retains many of these factors that potentiate the migration of inflammatory cells into the wound (Figures 1 & 2) .
The induction of a local inflammatory reaction due to infiltration of peripheral blood neutrophils and monocytes is an important feature of soft tissue repair, and animals depleted of macrophages have defective tissue debridement, fibroblast proliferation, and wound repair (9) . Macrophage recruitment into the tissues is further sustained in part by platelet-derived cytokines as well as other chemoattractant factors. These factors include fibrinopeptides cleaved from fibrinogen by thrombin, degradation products of fibrin produced by plasmin, platelet factor 4 (PF4), eicosanoids (LTB 4 , LTC 4 , and PGE 2 ), and platelet-activating factor (PAF) released from endothelial cells or activated neutrophils (28). The recruitment of inflammatory cells into the wound is also facilitated by adhesive molecules such as fibrin, fibronectin, and vitronectin that are present in the fibrin clot (provisional matrix), as well as integrins that recognize these molecules (9, (19) (20) (21) . The infiltrating monocytes that become activated and differentiate into macrophages are a major source of growth factors, cytokines, chemokines, eicosanoids, and proteases (22, (25) (26) (27) .
In addition, peritoneal macrophages, neutrophils, T cells, mast cells, and mesothelial cells are the sources of many of these molecules. Collectively, these molecules, either individually or through their interactions, regulate the peritoneal wound as it proceeds through a degradative phase into a reparative stage that ultimately results in peritoneal tissue repair.
Many of the cytokines and chemokines released into the wound regulate the production of eicosanoids and proteases that are essential factors in the coagulation cascade and inflammatory response (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . The production of cytokine-induced eicosanoids through the cyclooxygenase pathway appears to antagonize, while products of lipoxygenase pathway mediate or amplify the effect of cytokine action (30,31). The stimulatory actions of TGF-β, EGF, and TNF-α on fibroblasts, a key cell type in adhesion formation, are augmented by cyclooxygenase inhibitors and reduced by the presence of PGE 2 , PGE 1, and PGI 2 (9, 22, 24, 32) . In addition, eicosanoids act as intracellular mediators of cytokine and growth factor actions in various cell types. Elevated production of eicosanoids and their receptors has been associated with an increased incidence of adhesion formation, and their inhibition through the use of non-steroidal antiinflammatory drugs (NSAIDs), such as ibuprofen, indomethacin and meclofenamate, has proven effective in reducing adhesion formation in animal models. Although limited studies performed to establish efficacy in humans have had mixed results (33-35), evidence generated from patients with peritoneal inflammation due to peritoneal dialysis, animal models of peritoneal inflammation, and in vitro studies, support the use of agents to suppress peritoneal eicosanoid production in the peritoneal cavity following infection or surgical trauma. Intraperitoneal (IP) administration of indomethacin in continuous ambulatory peritoneal dialysis patients during peritonitis has been reported to decrease the intrinsic permeability of the peritoneum to macromolecules without effectively altering other peritoneal functional parameters (36). In addition, IP administration of indomethacin following peritoneal bacterial challenge enhances leukocyte migration and peritoneal permeability to protein and dialysate concentrations of PGE2, PGF1α and IL-8. Such enhancement occurs without affecting the transperitoneal migration of leukocytes or the production of IL-8, a potent inflammatory cytokine (37). Leukotrienes, which are potent chemoattractant factors for neutrophils, macrophages, and eosinophils have been implicated in the pathogenesis of a variety of inflammatory processes. Surgically-induced peritoneal injury results in upregulation of prostaglandin, thromboxine, 5-lipoxygenase, and receptors for LTB-4, LTC-4 and LTD-4 throughout healing and peritoneal adhesion formation (33,34). LTB-4 mediates its action through a G protein-coupled receptor, the LTB-4 receptor (BLTR), and targeted gene disruption of BLTR has further implicated LTB-4 as a key factor in leukocyte activation. Despite a functional redundancy with other chemoattractant-receptors, it is apparent that LTB-4 and BLTR are central to the recruitment and/or retention of leukocytes, particularly eosinophils, to the inflamed peritoneum (38). BLTR deficiency did not result in any apparent abnormalities and peritoneal neutrophils displayed normal responses to the inflammatory mediators such as PAF; however, neutrophil influx in response to arachidonic acid was significantly reduced following the induction of peritonitis in BLTR deficient mice. Surprisingly, female mice deficient in BLTR displayed selective survival relative to males in response to PAF-induced anaphylaxis (39). This finding may be due, in part, to the protective action of ovarian steroids.
The Role of Chemokines and Cytokines
Chemokines are small polypeptides divided into several subgroups according to the spatial arrangement of the first two cysteine residues that include CXC or α, CC or β, C or γ and CX3C or δ chemokine (40). Chemokines have a potent chemoattractant activity for leukocytes and regulate inflammation, angiogenesis, hematopoesis, and host response to infection. They mediate their biological activities through a distinct family of G-protein-coupled receptors that have been identified on various cells types (41). The two most prominent chemokines are the CC which include monocyte chemoattractant protein-1 (MCP-1), MCP-5, macrophage inflammatory protein-1α (MIP-1α), MIP-1β, eotaxin, regulated upon activation, normal Tcell-expressed and secreted (RANTES), C10, stromal cellderived factor 1 (SDF-1) and CXC such as IFN-inducible protein-10 (IP-10), MIP-2, KC and growth-related oncogene, Gro-a (40,41).
Recent in vitro and in vivo studies also point to the critical role for chemokines in peritoneal biology, specifically, the inflammatory response that often leads to adhesion formation (11). Plasma-derived fibrinogen released in response to endothelial cell retraction at sites of inflammation has been shown to induce peritoneal macrophage expression and release of several chemokines, including MIP-1α, MIP-1β, MIP-2, and MCP-1 (42). MCP-1 in turn stimulates peritoneal macrophage LTB-4 production. The LTB-4 receptor antagonist, CP-105-696, inhibits peritonitis-induced recruitment of neutrophils and macrophages, accompanied by a reduction in peritoneal MCP-1 expression and survival of mice (43). These results suggest that induction of chemokines following the initiation of peritoneal injury occurs directly or indirectly through the production of LTB-4, and that chemokines mediate the recruitment of neutrophils to the site of injury (43). Induced peritoneal macrophages are also associated with the induction of chemokines such as RANTES, MCP-1 and MIP-1α (44). IP administration of MCP-1 promotes chemotaxis of specific leukocyte populations predominately consisting of granulocytes and macrophages, while eotaxin selectively enhances eosinophils, and MIG induces T cell migration. Administration of methotrexate, piroxicam or dexamethasone inhibited cellular migration, and MCP-1-mediated trafficking was impaired by treatment with anti-MCP-1 antibody or IL-10, a cytokine with antiinflammatory properties (44). Interestingly, MIP-2 expression was found to be limited to localized inflamed regions, independent of the expression of proinflammatory cytokines such as TNFα or IL-1β production (45) . IFN-γ treatment selectively inhibited LPS-induced MCP-1, MIP-1α, MIP-1β and MIP-2, but induced IP-10 and MCP-5 expression (46) . Peritoneal B lymphocytes which express the SDF-1 receptor accumulate and proliferate in response to SDF-1 chemotactic and growth-promoting action, and IP administration of neutralizing SDF-1 antibody significantly decreased their numbers, suggesting that peritoneal derived SDF-1 may play a role in the peritoneal migration of B cells (47) . In addition, SDF-1 reversed the antigen-induced T-cell recruitment into the peritoneal cavity, a phenomenon described as a movement away from a chemokine, which represents a previously unknown mechanism regulating the localization of mature T cells (48) . IL-3, IL-4, GM-CSF, IL-10 and IL-13, cytokines that are expressed by mesothelial cells and are present in peritoneal fluid, induce macrophage expression of C10, a CC chemokine that regulates the chronic stage of host defense reaction. In addition, MCP-1 and MIP-1α expression is induced by IL-3 and GM-CSF, and inhibited by IL-4 or IFN-γ. In contrast MCP-1 and MIP-1α inhibit IL-3-and GM-CSF-induced C-10 expression. The peritoneal level of C10 is increased following the induction of peritonitis, and IP administration of C-10 induced a rapid production of TNF-α and MCP-1, and a later increase in IL-13 levels, which were negatively impacted following IP anti-C10 antiserum therapy (49, 50) . IL-13 is a Th2 cytokine with a potent antiinflammatory activity. Induction of peritonitis in mice increased tissue expression of IL-13 in liver, lung, and kidney, but not in peritoneal fluid or in serum, and the inhibition of IL-13 with anti-IL-13 antibodies resulted in a decreased rate of survival (51). Interestingly, treatment with anti-IL-13 antibodies did not alter peritoneal leukocyte infiltration and bacterial load, but it did increase the influx of neutrophils into these tissues, as well as the expression of MIP-2, KC, MIP-1α and TNF-α (51). These finding suggest that endogenous IL-13 mediates its protective action through suppression of tissue expression of inflammatory cytokines/chemokines. Another cytokine with anti-inflammatory properties is IL-10, which effectively inhibits the expression of MCP-1, MCP-5, MIP-1α, MIP-1β, MIP-2, IP-10, KC and RANTES. In addition, IFN-γ selectively induces IP-10 and MCP-5 expression, but inhibits LPS-induced MCP-1, MIP-1α, MIP-1β, MIP-2 and KC (46) . Human peritoneal fibroblasts constitutively express MCP-1 and IL-8 and their expression is augmented by the pro-inflammatory cytokines, IL-1β and TNF-α, and by peritoneal macrophage-conditioned medium (52) . These effects were partly due to the presence of IL-1β, since cotreatment with the IL-1 receptor antagonist reduced their production (52) . IL-1β, TNF-α, IFN-γ or their combinations also modulate the expression of MCP-1, RANTES, IP-10 and GROa by mesothelial cells, by inducing GROa and IP-10 expression, and they augment constitutive production of MCP-1, with limited effect on RANTES expression (53) . Furthermore, GROa (8-73), a CXC chemokine receptor antagonist, prevented MIP-2 and KC-induced neutrophil migration (54) . Prior treatment with GROa or an analogue of PF4-(9-70) resulted in inhibition of leukocyte infiltration into the peritoneal cavity in response to MIP-2. Moreover, GROa (8-73) treatment effectively inhibited TNF-α-, IL-1β-or LPS-induced leukocyte recruitment. These observations point out the importance of complex interactions among cytokines and chemokines in peritoneal inflammatory and immune responses (50), and suggest that their modulation in the peritoneal environment might influence peritoneal inflammation, healing, and adhesion formation.
Hyaluronan (HA) and its derivatives are extensively used in fabrication of biodegradable materials such as membranes, gels, and solutions to prevent adhesion formation (6) (7) (8) . Degradation products of HA often accumulate at sites of inflammation, and experimentally generated HA fragments have been shown to enhance the expression of MCP-1 and IL-8 in human mesothelial cells (55) . Therefore, increased HA levels in the peritoneal cavity of peritoneal dialysis patients as well as the byproducts of biodegradable HA-based devices may alter the local production of these and other chemokines, resulting in prolonged inflammation (55) . In addition, neutrophil elastase produced during peritoneal inflammation and at the site of tissue injury enhance the production of MCP-1 by peritoneal macrophages, which was inhibited by serine protease inhibitor, phenylmethylsulfonyl fluoride (56) . This suggests that, in addition to degradation of ECM, proteases may stimulate the release of chemokine production by macrophages, leading to impairment of peritoneal healing and adhesion formation.
The resolution of the inflammatory reaction, which begins with reduced neutrophil infiltration, is also essential for the repair process to proceed. Tissue neutrophils are entrapped within the clot and desiccated tissue, where they become apoptotic and are phagocytosed by macrophages (57) (58) (59) (60) (61) . A number of cytokines, including GM-CSF, IL-1β, TNF-α, and IFN-γ that are expressed by the mesothelial cells and other wound cells and are present in peritoneal fluid, promote the uptake of neutrophils by macrophages (57) (58) (59) (60) (61) . The mechanism involved in the clearance of macrophages after the completion of their function in the inflammatory reaction has not been defined, although macrophages can undergo apoptosis under in vitro conditions (25,26,57-61). The continued and appropriate expression of cytokines, chemokines and their receptors is critical to the resolution of peritoneal inflammation and the transition from an inflammatory to a reparative environment. Because p eritoneal mesothelial cells and fibroblasts interact with peritoneal inflammatory and immune cells, identification of specific chemotactic, proinflammatory, and anti-inflammatory cytokines and chemokines which regulate their interactions may allow to design better strategies to prevent the development of adhesions. Such studies would further increase our understanding of other biological processes that result in either uncomplicated repair or the development of adhesions, involving cellular migration, proliferation, and differentiation of several cell types that promote angiogenesis, tissue remodeling and synthesis and deposition of ECM.
ANGIOGENESIS AND PERITONEAL ADHESION
In the healthy adult, angiogenesis is restricted to the corpus luteum, placenta, endometrium during the menstrual cycle, and during wound healing. Angiogenesis is a self-limited and strictly regulated process that occurs in a sequential manner. It involves degradation of the vascular basement membrane and interstitial matrix by endothelial cells, migration and proliferation of endothelial cells, and finally tubulogenesis and formation of capillary loops (62) (63) (64) (65) (66) . The production of proteolytic enzymes in response to angiogenic factors is fundamental to angiogenesis, not only for the degradation of perivascular matrix and tissue stroma, but also for the migration and proliferation of endothelial cells. During angiogenesis, the initial migration and proliferation of endothelial cells occurs in a fibronectin rich ECM, whereas vascular maturation, which takes place at later stages, is laminin rich (9) . These processes also involve integrins, the essential components of ECM-cell and cell-cell interactions that promote cell migration, gene expression, cell differentiation and other cellular activities (20, 21, (62) (63) (64) (65) (66) . At the initial stage of angiogenesis, the induction of proteases such as matrix metalloproteinases (MMPs) and serine proteases (fibrinolytic system; plasminogen activators) in endothelial cells is necessary to degrade components of the ECM, including fibronectin and laminin (14) (15) (16) (17) (18) (19) (20) (21) 62, (67) (68) (69) . However, these proteases are produced in inactive forms and must become activated to initiate their local actions. Proteolytic activities of these enzymes are regulated by naturally occurring physiological inhibitors, tissue inhibitor of MMPs (TIMPs) and plasminogen activator inhibitors (PAIs) (14) (15) (16) (17) (18) (19) (20) (21) (67) (68) (69) (70) (71) . Cytokines and growth factors, such as IL-1, IL-8, TNF-α, GM-CSF, VEGF, FGFs, EGF, TGF-α, TGF-β, PDGF, and IGF-I, are considered to be angiogenic enhancing factors due to their ability to, 1) regulate the expression of MMPs, the fibrinolytic system and their inhibitors, and 2) to modulate endothelial cell proliferation and migration (14) (15) (16) (17) (18) (19) (20) (21) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) . MMPs, tPA, uPA, TIMPs and PAIs are expressed in parietal peritoneum, peritoneal mesothelial cells and adhesion fibroblasts, and similar to other systems, their expression is regulated by various cytokines and growth factors (13, (16) (17) (18) (19) (20) (21) (22) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) . Human peritoneal capillaries and arteriole endothelial cells express VEGF and other angiogenic factors (79) that may regulate the proteolytic enzymes and their inhibitors (Figures 2 & 3) .
Since VEGF plays a key role in coagulation, fibrinolytic, and angiogenic activities, it is considered to be a critical cytokine in the development of peritoneal adhesions. Four species of mRNA encoding VEGFs arising from alternative splicing have been identified (VEGF 188, 165, 145 and 120) of which VEGF188, 165 and 120 are expressed in peritoneal wounds. Up-regulated expression of VEGF188 and 120 occurs during the early stages of peritoneal healing, and down-regulation of VEGF165 expression has been observed 24 to 48 hrs following injury (80). Hypoxia, a condition that promotes peritoneal adhesion, alters the expression of several cytokines, chemokines and eicosanoids in the wound, including the expression of VEGF and TGF-β, shown to cause tissue fibrosis (81) . The peritoneal mesothelial and vascular endothelial cells of blood vessels, which supply peritoneal adhesions, express both VEGF and FGF-2, supporting a role for these cytokines in mediating peritoneal angiogenesis during adhesion formation (79). Although the expression of FGFs has been documented in a wide variety of cells and tissues, including monocytes/macrophages, T lymphocytes, vascular endothelial cells, fibroblasts, keritonocyte, and mesothelial cells (71) (72) (73) 79 ,80), a profile of their expression and biological activities during peritoneal wound healing and adhesion formation awaits investigation. FGF-1 and FGF-2 lack the classical secretory signal peptides, and their detection in the ECM or peritoneal fluid is of unknown cellular origin. However, they are released as a result of mechanicallyinduced injury (73, 74) . Peritoneal injury could serve as a mechanism to release FGF from mesothelial cells and/or infiltrating inflammatory cells, which along with VEGF and EGF/TGF-α act as angiogenic factors as has been shown in omental microvascular endothelial cells. Delayed wound angiogenesis and healing in aged animals have been associated with alteration of FGF-2 and VEGF expression. Subcutaneous administration of rFGF induced less capillary growth into matrigel in aged mice than in young mice (82) . These findings further suggest that a decline in angiogenic growth factor production and alteration in endothelial responsiveness may account for delayed wound angiogenesis and healing (82) .
The angiogenic property of these growth factors is reflected in their ability to alter the expression of PA (uPA and tPA) and PAI-1 in microvascular endothelial cells and stimulate their invasion (16, 17, 66, 71, 73) . For instance, VEGF stimulates von Willebrand and tissue factors in endothelial cells, and VEGF, FGF, EGF, and TGF-α either alone or through synergistic interactions, stimulate PA expression that converts TGF-β from its latent to active form (16, 17, 22, 63, 71, 73) . The active form of TGF-β inhibits PA expression, providing a feedback loop that modulates FGF, VEGF, TGF-α and PA expression. FGF-2 and TGF-β also have an opposing effect on PA activity; FGF acts as a potent inducer of uPA expression with a relatively modest effect on PAI-I synthesis, whereas TGF-β downregulates uPA and upregulates PAI-I synthesis (22, 63) . Kertitonocyte growth factor (KGF or FGF-7), a highly active mitogen for epithelial cells, also stimulates uPA expression (63, 71, 73, 74) . Several cytokines and chemokines also regulate the expression of fibrinolytic system, including several interleukins, M-CSF, GM-CSF and MCP-1 (11, 12, 65, 66) .
Angiogenesis is also dependent on the balance between angiogenic factors and their inhibitors. Among the angiogenic suppressors are cytokines, such as TGF-β, TNF-α, IFNs, and several other agents (71, (83) (84) (85) . These include collagen synthesis modifiers, protamine (an arginine rich protein that inhibits the mitogenic action of FGF), cyclosporin, PF-4, and HA (although its degradative products may be angiogenic), thrombospondin, which is released by platelets and is present around mature quiescent vessels, but absent from actively growing sprouts, and angiostatin, a tumor suppressor factor with angiogenic inhibiting property and considerable homology with plasminogen and hepatocyte growth factor (HGF), another angiogenic factor (83) . In addition, an endogenous estrogen metabolite has been shown to inhibit angiogenesis in vivo and prevents endothelial cell proliferation and migration in vitro through a mechanism involving the induction of uPA (83, 85) . Vascular endothelial cells, including those in the peritoneum, contain receptors for ovarian steroids, suggesting that steroids can potentially regulate vascular activities that result in peritoneal healing and adhesion formation (79). Although many aspects of neovascularization in the peritoneum await investigation, the expression of these factors in peritoneal tissue and their presence in the peritoneal fluid imply that both direct and indirect action of these molecules can alter angiogenesis during peritoneal healing and adhesion formation. A number of anti-angiogenic factors are currently under intense investigation and results from these studies have revealed that factors which initiate, control and terminate the multi-stage process of angiogenesis may be useful in interfering with angiogenesis. Among these are compounds that inhibit angiogenic growth factors (IFN-α, suramin, and analogues) or their receptors (SU6668, SU5416), as well as endogenous inhibitors of angiogenesis (endostatin, IL-12), which are currently being tested for the treatment of a variety of disorders in clinical trials (86) . Preoperative treatment with TNP-470, a potent endothelial cell inhibitor, has been reported to reduce vessel ingrowth, and associated sustained reduction in adhesion formation (87) . In addition, protease inhibitors, inhibitors of the endothelial cell proliferation, suppressors of angiogenic growth factors, and cytokines are also being investigated for their potential in controlling angiogenesis. These compounds may be useful as potential agents in the management of peritoneal wound healing by limiting tissue fibrosis such as adhesions.
PERITONEAL TISSUE REPAIR
The repair of denuded parietal peritoneum begins immediately after the injury. Various growth factors, cytokines, and chemokines, along with their specific receptors or binding proteins, appear to have the potential property of orchestrating such rapid and dramatic tissue reorganization. The expression of many of these cytokines and growth factors, and a limited number of chemokines, have been detected in parietal peritoneum and adhesions. Although direct evidence to link any of these molecules to normal physiological and/or pathophysiological processes which affects the outcome of wound repair and scar tissue formation is lacking, their local expression during the wound healing suggests their importance in various peritoneal biological activities. Although available information regarding the involvement of cytokines and chemokines in cellular activities of peritoneal mesothelial cells and adhesion fibroblasts is limited, the receptor signaling pathways that mediate their intracellular biological activities remain largely unknown.
Role of growth factors
EGF was the first growth factor to be identified during peritoneal wound healing and adhesion formation, followed by characterization of other members of the EGF family including TGF-α and HB-EGF and their common receptor, the EGF receptor (88) (89) (90) . Studies of the expression and cellular distribution of EGF, TGF-α and HB-EGF, and their receptors, in parietal peritoneum and adhesions revealed a widespread association with various wound cells. These data suggest that the EGF family of growth factors, along with their receptors, might potentially affect a wide range of activities during peritoneal healing. Consistent with this possibility, EGF was found to act as a mitogenic factor for mesothelial and adhesion fibroblasts, which are synergistically enhanced by VEGF, IGF and PDGF (91) . Although VEGF is expressed by mesothelial cells and during surgically-induced adhesion formation (79,80), its impact on the outcome of peritoneal adhesion formation is not known. However, anti-VEGF neutralizing antibody lowered VEGF expression in wound fluid and reduced vascularization without affecting granulation tissue formation (81, 92) , further implicating VEGF in angiogenesis. IGFs and their binding proteins (IGFBPs), which regulate IGF-I availability, are present in the circulation and in tissue fluids in association with IGFBPs through high affinity binding (93) . IGFs, IGF-BPs, and the IGF receptor are expressed throughout the period of peritoneal wound healing, with significant increases in their expression during adhesion formation (94) . Interference with IGF-I activity, both systemically and intraperitoneally through hypophysectomy (resulting in low IGF-1 levels) or IP administration of IGFBP-4, have been shown to reduce the severity of postoperative peritoneal adhesions (95) .
IGFBP-3 binds the native fibrin clot, fibrinogen, and fibrin through its interaction with the heparin binding domain and in the presence of plasminogen. Such interactions may concentrate IGF-1 at wound sites, and upon its release binds to IGF receptors that are present on stromal cells migrating into the fibrin clot (96) (91) . The requirement for growth factor interactions is related to the ability of an individual growth factor to act either as a competence (PDGF) or progression (EGF and IGF) factor. PDGF, TGF-α, HB-EGF and IGF-1, which are expressed and released by platelets and macrophages, can potentially act in this manner and influence cell migration and proliferation at the earliest stages of peritoneal wound healing (23, 24) .
Peritoneal mesothelial cell-derived HB-EGF, through its receptors HER-1 and HER-4, and associated proteins, integrin α3β1, regulate mesothelial cell migration by increasing β1 integrin expression and adhesion to collagen type I (90). Platelet-derived extract, which contains various wound-activating factors, has been reported to increase αvβ3 integrin expression, and to promote angiogenesis, revascularization and granulation tissue formation (98) . Mesothelial cells and the serosal tissue of parietal peritoneum and several intraperitoneal organ express several integrins, including αvβ3. Following tissue or cellular injury, these integrins could participate in promoting angiogenesis, mesothelial cell migration, reepithelialization and/or adhesion formation by altering fibroblast migration (99) (100) (101) . The pattern of integrin subunit expression has been reported to be identical on mesothelial cells in the anterior peritoneum and uterine serosal, suggesting a bi-directional communication between peritoneal exudate cells and connective tissue fibroblasts (101) . This pattern of integrin expression on mesothelial cells could be important since integrin α4-deficient T lymphocytes cannot migrate properly during thioglycolateinduced peritoneal inflammatory response (102) . Furthermore, intergins could activate latent TGF-β, a key factor involved in all phases of the tissue repair processes including granulation tissue formation and tissue fibrosis (21, 22, 103, 104) . TGF-β is secreted as latent protein complex and stored at the cell surface in association with ECM proteins that regulate its availability and activity. TGF-β must become activated before binding to the TGF-β receptor, but the mechanism(s) underlying the conversion of latent to active TGF-β in vivo remain unknown. However, under in vitro conditions transient acidification and heating, as well as treatments with plasmin, thrombospondin-1, and mannose 6-phosphate have also been reported to activate latent TGF-β (21, 22, (103) (104) (105) (106) . Activated TGF-β regulates integrin, ECM, and proteases such as the fibrinolytic system, MMPs and their inhibitors (9, 21, 22, (103) (104) (105) (106) (107) . TGF-βs have multiple biological activities depending on the cell type and the specific microenvironment. TGF-β has both stimulatory and inhibitory effects on cell growth and proliferation, and their mitogenic activity has been reported to be indirect and due to the induction of growth factors such as PDGF and PDGF α receptor (21, 23) . TGF-βs also enhance the expression of the EGF receptor, and are synergised with EGF-induced gene expression including the induction of TGF-β1, but not TGF-β2 expression, which in turn decreases the number of high affinity EGF receptors. Moreover, TGF-β upregulates its own expression in a variety of cell types, including adhesion fibroblasts and mesothelial cells (21, 108, 109) .
Overexpression of TGF-β1 has been implicated in a number of disorders involving fibrotic abnormalities including pulmonary fibrosis, glomerulonephritis, cirrhosis of the liver, and dermal scarring (22, 104, (110) (111) (112) . Deletion of the TGF-β1 gene through homologous recombination suggests that the release of TGF-β1 from degranulating platelets or its secretion by infiltrating macrophages and fibroblasts are not critical either to initiation or the progression of tissue repair, and further suggests that endogenous TGF-β1 may actually increase inflammation and retard wound healing (111) . In contrast, TGF-β1-/-Scid-/-mice demonstrated a major delay in wound healing that involved wound inflammation, cell proliferation, and maturation. Immuno-deficient Scid-/-mice that express TGF-β1 do not experience a delay in wound healing, suggesting that the immune cells and TGF-β1 affect compensatory pathways in wound healing, and that the delayed expression of TGF-β2 and TGF-β3 that occurs in the absence of TGF-β1 is responsible for the delayed wound healing. In addition to TGF-β1, these observations further imply a key role for TGF-β2 and/or β3 in wound healing (112) . In particular, TGF-β3 significantly increased wound cellular proliferation, breaking strength, and collagen deposition, indicating the importance of TGF-β3 in wound healing (113) .
Evidence that implicates TGF-β in peritoneal adhesion formation results from experiments showing the expression of TGF-β in parietal peritoneum, and the serosal surface of several peritoneal organs. Adhesions with mesothelial cells and adhesion fibroblasts are major sites of TGF-β expression, and elevated levels of TGF-β have been observed in adhesion tissues and in the peritoneal fluid of patients with adhesions (114) (115) (116) , as well as in surgically induced-adhesion formation in animal models (117) (118) (119) (120) (121) (122) (123) . Mice heterozygous for TGF-β1 (+/-) experienced significantly lower adhesions and expressed at least two fold lower TGF-β1 protein in their peritoneal fluid compared with wild type (+/+) animals (122) . Furthermore, postoperative peritoneal administration of TGF-β has been shown to increase adhesion formation, while neutralizing antibodies directed against TGF-βs reduced the incidence of adhesion formation (121, 122) . TGF-β1 and TGF-β3 are expressed in serosal tissue of parietal peritoneum, the uterus, oviducts, ovaries, omenta, the large and small bowels, as well as the adhesions, fascia and subcutaneous tissue in subjects with and without adhesions. Comparatively, there was more variation in TGF-β than TGF-β3 expression in the absence of a relationship to age or gender. Furthermore, adhesions express a significantly higher TGF-β1 and had the highest TGF-β1:TGF-β3 ratio, with lowest levels and ratio detected in omentum, small and large bowels, in contrast the uterus expresses higher TGF-β3, with lowest levels detected in subcutaneous tissue and large bowels. In subjects with adhesions, the adhesions express significantly more TGF-β1 compared to intact parietal peritoneum. Since TGF-β is expressed differently in these tissues and tissue injury often alters the expression of TGF-β, we proposed that tissues with a higher basal expression of TGF-β are more predisposed to develop more adhesions compared to others (114).
The role of Cytokines
The interleukins are another key group of regulators of peritoneal wound healing and adhesion formation. IL-1 is considered a key proinflammtory cytokine and both IL-1α and IL-1β are expressed during the early stage of wound healing. However, these cytokines are also expressed by mesothelial cells and fibroblasts, and are detectable in peritoneal fluid, suggesting their influence on other phases of wound healing including tissue fibrosis (9, 10, 12, 26, 108, 115, 120, 124) . The peritoneal expression of IL-1 increases following surgical-induced injury, peaking during the first week and its inhibition was shown to reduce the incidence of postsurgical adhesion formation. In contrast to IL-1α or IL-β, M-CSF, G-CSF and IL-6 failed to trigger the proliferation of mesothelial cells, although they are expressed by these cells (124) . GM-CSF also induced its own expression and the expression of TGF-β1 in peritoneal fibroblasts. TGF-β is a potent chemoattractant factor for macrophages and fibroblasts, whereas GM-CSF promotes macrophage uptake of apoptotic neutrophils (118). The interactions between TGF-β and GM-CSF in the peritoneal environment may act as an important regulator to maintain a balance between the inflammatory and immunosuppressive activities of GM-CSF and TGF-β, respectively. Furthermore, GM-CSF markedly increased the expression of TGF-α by macrophages, while IL-1β, IFN-γ, IL-6 and TNF-α induced the expression of PDGF (125) . Analysis of IL-1α, IL-1β, TNF-α, PDGF, TGF-β1, and bFGF expression in scar biopsies led to the hypothesis that impaired production of cytokines such as IL-1α decreases, whereas augmented PDGF production increases matrix formation in hypertrophic scars (126) .
Another cytokine, IL-2, is synthesized by activated T helper cells and is a mitogen for T, NK, and B cells. In addition, IL-2 stimulates IFN-γ, IL-3, IL-4, IL-5, and GM-CSF production. Mesothelial cells have not been shown to express IL-2, IL-3, IL-4, or IL-5 (124); however, a human mesothelial cell line expresses these cytokines, and they are detected in human peritoneal fluid (11,12,127) that locally can act to modulate the expression of GM-CSF and other cytokines. In addition, IL-2 has been shown to increase the survival of mice with peritonitis (128) . IL-4, a key Th2 cytokine, produced by T cells, mast cells, and basophiles, suppresses the development of Th1 cells. IL-4 has been found to stimulate connective tissue fibroblasts, accumulation of ECM, production of IL-6 and inhibit the expression of IL-1, IL-8, and TNF-α, it is considered a key wound healing cytokine by influencing the pathogenesis of fibrotic disorders and inflammatory response (129) (130) (131) . Topical application of IL-4 in experimental wounds appears to enhance, whereas, IL-4 antisense oligonucleotides inhibit the rate of wound healing (132) . IL-5 is major product of NK cells that regulates eosinophil differentiation, and increases B cell proliferation and T cell cytotoxicity; and combined production of IL-4 and IL-5 results in mast cell and eosinophil stimulation (129) . IL-6 is produced by a variety of cells including mesothelial cells and fibroblasts, and induces IL-2 and IL-2 receptor expression, while it inhibits TNF-α production, providing a negative feedback for limiting the acute inflammatory response. The upregulation of IL-6 production associated with a variety of chronic inflammatory and autoimmune disorders, including peritonitis (11,26,124-129), implicate another member of the interleukins family in mediating peritoneal mesothelial cells activities. IL-6 is positively regulated by IL-1, TNF-α VEGF and PDGF, whereas it is inhibited by IL-4 and IL-10 (133-136). Because IL-6 has a stimulatory action of endothelial cell proliferation and VEGF expression, it may alter the outcome of angiogenesis that results in adhesion formation (135) . IL-6-deficiency has been reported to result in a significant delay in wound healing, characterized by minimal epithelial bridge formation, decreased inflammation, and granulation tissue formation, which was reversed by a single dose of recombinant IL-6 or IP injection of an expression plasmid containing the full-length IL-6 cDNA (136). Treatment with rIL-6 also reconstituted wound healing in dexamethasone-treated immunosuppressed mice (136) . Elevated expression of IL-6 in peritonitis and following surgically-induced peritoneal injury further implicates IL-6 in peritoneal adhesion formation (11,12). IL-8 which belongs to the chemokines family, is the main chemotactic factor for neutrophils. It upregulates the expression of cell-surface adhesion molecules, such as endothelial leukocyte adhesion molecule and intracellular adhesion molecule, that enhance neutrophil adherence to endothelial cells and facilitates their migration through vessel walls. IL-8 is expressed in parietal peritoneum and adhesions, and its expression in mesothelial cells is regulated by IL-1 and TNF-α (11,12,137). Increased production of IL-8 in nonhealing wounds has been shown to prevent keratinocyte replication without effecting fibroblasts. However, IL-8 inhibits the rate fibroblast migration into the collagen lattice, a process reversed by co-treatment with indomethacin through the inhibition of prostaglandin production (138) . Although elevated levels of IL-8 may delay wound healing by retarding wound closure (138) , topical application of IL-8 on human skin grafts in a chimeric mouse model has been reported to enhance reepithelialization, though it induced a significant reduction in wound contraction (139) . These results further indicate that IL-8 can sequentially influence all phases of wound healing, including tissue remodeling associated with adhesion formation.
IL-10 is produced by Th2 cells and inhibits Th1
function by preventing the production ofTh1 cytokine, such as IL-4 and IFN-γ Thus, it is considered a T cell cross-regulatory factor and a key anti-inflammatory cytokine (26,140,141 ). IL-10 is expressed by a variety of cell types, including CD4+ and CD8+ T cells, and activated B cells, mesothelial cells and fibroblasts, and it is detectable in wounds throughout the healing period (142) . IL-10 expression peaks immediately after injury and returns to normal levels within 24h, but is increased again at a later time point. IL-10 has been shown to inhibit overexpression of MCP-1, MIP-1α, IL-1β, IL-6, and TNF-α following tissue injury, and neutralizing antibody to IL-10 inhibited the infiltration of neutrophils and macrophages at the site of injury (142) . IL-10 is also expressed during peritoneal wound healing. Although postoperative application of IL-10 did not alter the outcome of peritoneal adhesion formation, it was found to be effective at reducing the incidence of adhesion formation (143) . Interestingly, peritoneal fluid contains low levels of IL-10 during the postoperative period that do not correlate with adhesion scores, suggesting that the endogenous IL-10 may not play a role mediating adhesion-free peritoneal healing (143) . In contrast, IL-10 has been reported to disseminate bacterial outgrowth during peritonitis, and it protected mice from lethality by attenuating a systemic inflammatory response through a mechanism involving inhibition of TNF-α release (144) . Mice deficient in IL-10 that were subjected to ischemia and reperfusion injury experienced a higher rate of mortality and more severe tissue injury, characterized by epithelial hemorrhagic necrosis, upregulation of adhesion molecules, neutrophil infiltration, as well as the production of TNF-α and IL-6 (152, 145) . It has been suggested that IL-10 exerts an anti-inflammatory action during reperfusion injury, possibly by regulating the early stress-related genetic response, adhesion molecule expression, neutrophil recruitment, and subsequent cytokine and oxidant generation (52, 145, 146) . IL-10, as well as IL-4, inhibits IL-12 production, an important cell-mediated inflammatory cytokine that plays a key role in wound healing. IL-12 is produced by activated macrophages, and among its key biological activities is the activation and proliferation of T cells, and NK cells, NK cell cytotoxicity, and IFN-γ production (147) . Immunoneutralization of IL-12 in septic peritonitis not only resulted in increased mortality, but also promoted a shift away from IL-12 and IFN-γ in favor of IL-10 production (148). IL-13 like IL-10 is a key anti-inflammatory cytokine, and is closely related to IL-4; it is expressed primarily by T cells, mast cells, and activated basophils. The antiinflammatory activity of IL-13 is due in part to its ability to inhibit inflammatory cytokines such as IL-1ß, TNF-α, IL-8, and IL-6 and induce IL-1 receptor antagonist and IL-1 type II receptor expression (149) (150) . IL-15 is another novel cytokine that shares many of its biological functions with IL-2 and is expressed in various cell types including mesothelial cells. IL-15 is expressed as two isoforms due to alternative splicing, with a different pattern of expression and regulation than that reported for IL-2 (151) (152) . IL-15 is a key regulator of the local innate tissue inflammatory response and adaptive immunity, in particular that associated with NK cell proliferation, cytotoxic killing, and IFN-γ and TNF-α production (151) (152) (153) . IL-13 and IL-15 are both expressed in peritoneal serosal tissue and adhesions, and are present in peritoneal fluid (154) . A comparative analysis of peritoneal fluid content of IL-13 and IL-15 in women with endometriosis, which causes peritoneal inflammation and adhesion formation, in women who developed peritoneal adhesions unrelated to endometriosis, and in women with normal pelvic anatomy showed that these two cytokines may play a key role in mediating abnormalities associated with these disorders including adhesion formation (154) . Interestingly, IL-13 and IL-15 differentially regulate TNF-α and TNF-α receptors expression, and TNF-α receptor type I content in the peritoneal fluid of women with peritoneal adhesions differs from those with endometriosis. The results of these studies, as well as reports demonstrating a diverse pattern of expression and distinct biological actions for IL-13 and IL-15 in other cells and tissues, suggest that these cytokines play a key role in both normal biologic functions and in pathologic conditions affecting the peritoneal cavity.
TNF-α also induced the expression of IL-18, another key inflammatory cytokine related to IL-1, while EGF and TGF-α inhibited its expression without influencing IL-18 protein release (155) . There was also an increase in IL-18 expression during the cutaneous wound repair that was closely correlated to infiltration of neutrophils known to produce TNF-α (156) . A genetically diabetic db/db mouse, with a prolonged wound inflammatory phase, had elevated expression of IL-18 during the late phase of repair and an absence of IFN-γ, despite the presence of subsets of leukocytic cells at the wound site that are known to produce IFN-γ in response to IL-18. Interestingly, TGF-β expression at the wound site may have a counterregulatory action on IL-18-induced IFN-γ expression, as TGF-β suppressed the production of IFN-γ by peripheral blood mononuclear cells following IL-18 induction (157) . IL-10 and IFN-γ interaction also resulted in upregulation of TNF-α expression (158), a key proinflammatory cytokine with functions similar to IL-1 and IL-6. Patients with peritonitis had elevated levels of TNF-α, IL-1α, IL-6 and their soluble receptors, as well as IFN-α and IL-10 in the peritoneal fluids (11,12).
The role of Chemokines
Chemokines, such as MCP-1, IL-8, GROa, IP-10, and Mig, are sequentially and differentially expressed during the phase-specific infiltration of leukocyte subsets in human wound healing (159, 160) . The timing of MCP-1 and MIP-1 expression in the wound suggests that MCP-1 is critical during the early phase, while MIP-1 may regulate the events occurring during the later phase of the repair process (161) . In addition, the induction of MCP-1 in keratinocytes following wounding is attenuated by IL-1α-and TNF-α and augmented by IL-8, a functional human homolog to murine MIP-2 (162) . Interestingly, wound reepithelialization and collagen synthesis in MIP-1α deficient mice were nearly identical to that occurred in wild-type, whereas MCP-1 deficiency resulted in a significant delay in these parameters without affecting the number of wound macrophages (163) , suggesting that monocyte recruitment into wounds is independent of MCP-1. IP-10 is expressed in human dermal wounds, with highly elevated levels in a number of chronic inflammatory conditions, including psoriasis. Transgenic mice that constitutively express IP-10 in keratinocytes developed normally and did not spontaneously recruit leukocytes into the skin or other organs that expressed the transgene. However, these mice had an abnormal wound healing response characterized by a more intense inflammatory phase and a prolonged and disorganized granulation phase associated with impaired blood vessel formation (164) . IP-10 also inhibits EGF-and HB-EGF-induced dermal fibroblast motility without affecting either the basal or EGF receptor-mediated mitogenesis (165) . These results suggest that IP-10, by inhibiting neovascularization, may have a novel biologic activity as an inhibitor of wound healing (164) . The expression of MGSA/GRO and their receptor, the type B IL-8 receptor (IL-8RB), is restricted to sites populated by differentiated keratinocytes in normal skin. However, wounds that resulted in hypertrophic scaring expressed IL-8RB only in specific locations within epidermal and dermal compartments of normal and hypertrophic epidermal wounds and in granulation tissues (166) . In addition, fibroblasts prepared from keloids or normal skin fibroblasts do not express MGSA/GRO; however, its expression induced following treatment with IL-1 and inhibited by glucocorticoid (167) . Although t hese chemokines are synthesized and released by activated peritoneal fluid resident cells i.e. macrophages, neutrophils, mast cells and T cells, little is known about their expression during the peritoneal wound repair process. Intact peritoneum and adhesions express MCP-1, RANTES and IP-10 (168). During peritoneal wound healing, MCP-1 expression is detected within 48 hrs of postinjury that remained elevated until the fourth postoperative day and daily IP administration of anti-MCP-1 antibody for 6 days significantly reduced the incidence of adhesion formation (169) . In addition, the peritoneal fluid content of MCP-1 was elevated in women with adhesions; however, there was no incremental effect of MCP-1 level on adhesion formation in patients with endometriosis (170) . However, peritoneal serosal tissues and adhesions as well as mesothelial cells and adhesion fibroblasts, also express MCP-1, IP-10 and RANTES, and may turn serve as potential sources of these chemokines in peritoneal fluid. Elevated expression of MCP-1, IP-10 and RANTES in surgically-induced adhesions in rats and mice was directly proportional to the incidence of adhesions (168,169).
TISSUE REMODELING IN ADHESION DEVELOPMENT
Extracellular matrix (ECM) deposition and tissue remodeling are critical to all phases of normal wound healing most notably cell migration, growth and differentiation, angiogenesis and tissue fibrosis (9, 67, 69, 108, 171) . During wound healing, wound cells are in dynamic contact with ECM, and through the interactions and communication mediated by integrins, promote intracellular signals that regulate the above process (21, 108, 172) . In addition, wound cells synthesize and release several proteolytic enzymes that hydrolyze various components of the ECM, such as collagens, fibronectin, vitronectin, laminin, elastin, and proteoglycans, allowing wound healing to proceed (108, 171, 172) . Immediately after tissue injury, the exposure of fibrillar collagen to blood promotes aggregation and activation of platelets and the release of chemotactic factors, cytokines, chemokines, growth factors, proteases, etc., that regulate the ECM. Fibronectin, a major ECM component, is deposited in the wound as a part of preliminary matrix acting as a scaffold for cell migration and collagen deposition, and later regulation of re-epithlialization and wound contraction (9, 108, (171) (172) (173) (174) (175) (176) . Proteolytic degradation of collagens and fibronectin results in formation of smaller fragments that attract inflammatory cells, and later fibroblasts, into the injured area. F ibronectin fragments, but not intact fibronectin, also induce the expression of MMPs and PA, and increase proteoglycan content in a concentrationdependent manner (177, 178) . These fragments also enhance the release of several growth factors and cytokines that bind either to their specific cell surfaces or to the ECM following their release from producer cells (177, 178) . Many of these cytokines regulate proteases and ECM expression. Neutralization of the action of these cytokines reduced fibronectin fragment-mediated MMP-3 release and suppressed proteoglycan synthesis (178) . As illustrated the interactions among components of the ECM, proteases and cytokines are regulated through a feedback mechanisms that are critical to the inflammatory response, angiogenesis and tissue repair occurring during peritonitis and peritoneal wound healing processes (Figure 4) .
Although a very limited information is available regarding the expression and role of ECM in peritoneal environment during wound healing and adhesion development, collagen type I, type III and fibronectin are localized in the peritoneal wall and their expression is detected in peritoneal mesothelial cells and adhesion fibroblasts (101, 109, 179) . TGF-β in a cell specific manner increases the expression of fibronectin and procollagen I in human adhesion fibroblasts, whereas it induces collagen type III, with a limited effect on collagen I in mesothelial cells (179, 180) . Because overproduction of TGF-β is associated with increased incidence of adhesion formation, modulation of the expression of ECM in adhesion fibroblasts may partly account for TGF-β induced adhesions (179, 180) . Peritoneal mesothelial cells and the serosal surface of several peritoneal organs and parietal peritoneum also express integrins, such as αv and β3 (99, 101) . These integrins specifically bind fibronectin and vitronectin expressed by peritoneal serosal tissue and mesothelial cells, and are regulated by TGF-β (79,107). Vitronectin deficiency has been reported to cause only a slight delay in dermal wound healing and was associated with a temporal increase in uPA and tPA activity in microvessels and decreased angiogenesis in response to tissue injury (180) . The interaction of vitronectin with PAI-1, integrins and MMPs, factors having individual and interactive biological activities critical to the outcome of wound healing, further imply the importance of vitronectin in peritoneal wound healing and adhesion formation.
ECM components are also important in regulating the expression of growth factors and cytokines in an interactive manner (175, 176) . In vitro experiments have shown that the expression of TNF-α and PDGF are dependent on the existence of ECM proteins (176, 181) . In contrast, the expression of TGF-β is constitutive, and IL-1, which is stimulated by bacterial endotoxin, is ECMindependent (182). The importance of ECM becomes further apparent when considering the association between numerous cytokine and growth factor soluble receptors with the ECM compartment (183) (184) (185) . In some cases these specific ligand-receptor interactions involve either a single subunit or a complex of two or more subunits that are commonly shared among certain cytokines to initiate a cascade of intracellular signal transduction. However, many of these receptor molecules, often representing the ligand binding domain of the receptor complex, are detectable in naturally-occurring soluble forms in the serum, plasma, urine and in various cell culture-conditioned media. These include soluble receptors for interleukins, G-CSF, M-CSF, GM-CSF, TNF-α, EGF, TGF-α, TGF-β and PDGF, as well as IGFBPs. For instance, the protoglycan, decorin, as well as other ECM components such as biglycan and fibromodulin, associate and result in inactivation of TGF-β (22,103-105 ). TGF-β can downregulate the expression of decorin, while upregulating biglycan and inhibiting fibrilogenesis. Although the in vivo functions of these soluble receptors are unknown, potentially they can restrict the biological activities of their receptive ligands (antagonists), act as scavengers, control the physiological levels of these cytokines, or function as transport proteins to be presented to cell surface receptors.
Tissue remodeling and the induction of fibrosis occur not only by promoting chemotactic recruitment of fibroblasts and increasing in the deposition of ECM proteins, but also through the differential regulation of proteolytic enzymes that degrade the ECM (9, 11, 67, 108) . The earliest event in the wound repair process involves deposition of fibrin-rich exudates, referred to as provisional matrix (9, 108) . This matrix contains a variety of substances that are key elements in the initiation of wound healing; however, the resolution of this matrix is also necessary for the continuation of the healing process (9, 108) . The components of the fibrinolytic system and MMPs interact in a variety of ways to regulate many of the processes that are required for ECM proteolysis (16, 17, 108) .
The role of Fibrinolytic System
Plasmin, a broad-range serine protease, cleaves a number of ECM components and degrades fibrin and its proenzymes, tPA and u-PA, are inhibited by PAIs, in particular, PAI-1 (16, 17) . Different cell types, including wound cells, express components of the fibrinolytic system (9, 11, 12, 16, 17) . In the peritoneal cavity, peritoneal macrophages produce tPA, PAI-1, and their receptors, but the major contributor to fibrinolytic activity in the abdomen appears to be the mesothelial cell (11, 12, 186) . Mesothelial cells mainly express the activators of fibrinolysis, whereas its inhibitors are widely distributed in a variety of tissues (11, 12, 187) . This suggests that an intact mesothelium seems to be crucial in maintaining the balance of fibrin deposition and degradation. Gene targeting has provided important evidence supporting the role of fibrinolytic components in various physiological and pathological events including wound healing. Studies of individual and combined deficiencies of uPAR and tPA have shown that a deficiency in uPAR/tPA does not induce as profound an impairment in wound repair as that seen with uPA/tPA deficiency following full-thickness skin injury (188) . These studies suggest that uPA alone is sufficient to clear fibrin deposits and support wound healing without the benefit of either uPAR or tPA. However, plasminogen deficiency causes severe thrombosis with delayed wound healing, in part due to impaired keratinocyte migration. Deficiency in both plasminogen and fibrinogen revealed that removal of fibrinogen from the extracellular environment alleviates the impairment associated with plasminogen deficiency and corrects healing, implying a fundamental physiological role for plasminogen in fibrinolysis (189, 190) . Furthermore, in vitro studies strongly support the importance of plasmin in angiogenesis; however, angiogenesis and fibrinolytic activity do not always appear to correlate with in vivo observations as suggested by the evidence of normal angiogenic activity during wound healing in the presence of plasminogen-deficiency (189, 190) . Deficiency in vitronectin was also associated with an increase in uPA and tPA activity (180) . A further role of fibrinolysis in wound healing is suggested by the action of D dimer, a plasmin proteolytic fragment of fibrin, on the induction of PAI-1 expression, constituting a negative feedback mechanism in which specific fibrin fragments control the persistence fibrin at sites of inflammation and fibrosis (191) . In addition, the annexin II heterotetramer (AIIt) that binds tPA, plasminogen, and plasmin stimulates the tPAdependent conversion of plasminogen to plasmin and AIIt is the key physiological receptor for plasminogen on the extracellular surface of endothelial cells (192) (Figure 4 ).
Tissue trauma, ischemia and infection, events that increase the incidence of adhesion formation, are associated with reduced peritoneal fibrinolytic activity due to the rapid reduction in tPA activity and the increase in PAI-1 production that occurs shortly after post-operation (11, 193) . It seems possible that reduced tPA activity, in conjunction with over-expression of PAI-1 and quenching of t-PA, may explain the high frequency of adhesion reformation after adhesiolysis (1, 11) . A lower tPA to PAI-1 ratio was also observed immediately after surgery in patients who underwent hepatic versus colorectal resection. Extensive hypercoagulation and hypofibrinolytic activation during the late postoperative period also impair wound healing (9, 11, 194, 195) . Because impairment of peritoneal fibrinolysis following tissue injury leads to the development of adhesions, the effectiveness of intraperitoneal applications of recombinant tPA has been tested for the prevention of adhesions (194) (195) (196) (197) (198) . Intraoperative IP administration of tPA has been shown to alter the strength, and extent of fibrous bands and wound strength with significantly lower plasma PAI-1 and PAI-2 production one to two weeks postsurgery. These findings suggest that tPA can reduce the incidence of postoperative peritoneal adhesions without impairing wound healing. The effect of rtPA in overcoming the inhibition of fibrinolysis was dose related, as low levels showed no effect on adhesion formation, while higher concentrations reduced adhesions that paralleled wound hydroxyproline content (198) . However, as indicated in many other studies, the levels of rtPA required to alter or prevent peritoneal adhesion formation not only impair the early phase of wound healing, but can also be detrimental (199) . Intraperitoneal administration of anti-PAI-1 antibodies has also been reported to reduce the incidence of adhesion formation in surgically-induced peritoneal injury, possibly by limiting the availability of PAI-1 to inhibit tPA (200).
The role of Matrix Metalloproteinases
In addition to the fibrinolytic system, MMPs, a family of zinc-dependent endopeptidases, as a group can degrade essentially all components of the ECM that control tissue remodeling of newly formed granulation tissue. So far, 28 members of the MMP family have been identified. Based on their structure and substrate specificity, MMPs are divided into subgroups that include: collagenases (MMP-1, MMP-8, MMP-13), gelatinases (MMP-2, MMP-9), stromelysins (MMP-3, MMP-7, MMP-10, MMP-11), matrilysin (MMP-9), and the membrane-type MMPs (MT-MMP) such as MT-MMP-1, etc (9, 67, 69, 108, 201) . The catalytic activity of MMPs is controlled, at least in part, by their physiological inhibitors, TIMPs, which are comprised of TIMP-1 -2, -3 and -4 (67) (68) (69) (70) 202) . MMPs typically are not constitutively expressed; however, they are induced in tissues that normally undergo extensive remodeling, such as wound tissue, and in response to various inflammatory conditions. In addition, MMPs are regulated by cytokines, growth factors, hormones, and cell-cell and cell-matrix interactions (67) (68) (69) (70) 201, 202) . In contrast, the expression of TIMPs is widespread in many tissues and is regulated in coordination with MMPs expression (67) (68) (69) (70) . TIMPs have growth factor-like activity in various cell types, alter angiogenesis and are associated with several other cellular activities (70, 202) . MMPs are produced as inactive proenzymes and require activation, achieved by various factors including serine proteases, such as plasmin, trypsin and neutrophil elastase (67) (68) (69) (70) 201, 202) . The temporal expression profiles for MMP-1, MMP-2, MMP-7, MMP-9, MT1-MMP, as well as TIMP-1, TIMP-2, and TIMP-3 observed during the inflammatory, granulation, and early tissue remodeling phases of excisional skin repair indicated that their induction and peak expression coincided with the well-characterized inflammatory and granulation phases (203) . The expression of MMP-2, MMP-14, and TIMP-1 mRNAs was increased in inflamed areas in ulcerated colonic mucosa, with substantial increases in MMP-1 and MMP-3 expression that correlated with the histological degree of acute inflammation (204) . Studies of the temporal activity of MMP-2, MMP-3, MMP-7, and MMP-9 during normal dermal repair also revealed that MMP-2 is a major gelatinolytic MMP (205) that participates in physiological turnover of ECM, whereas MMP-9 is important in the early phase of ulceration and in the healing process (206) . Furthermore, the cellular distribution of MMPs suggests that these enzymes may contribute to anastomotic dehiscence, but only in the immediate postoperative period (207) .
TIMP-1 is not expressed in the epidermis, but is co-localized with MMP-9, and MMP-3 during the hyperproliferative phase at the mesenchymal/epidermal border of granulation tissue. At the later phases of wound healing there is an increase in MMP-8 and MT1-MMP expression, and TIMPs are colocalized with MMPs in granulation tissue. At the completion of re-epithelialization, the expression of MMPs and TIMP-1 in epidermal and dermal compartments declined to near-basal levels, whereas the macrophage-specific metalloelastase (MMP-12) reached maximum expression. Systemic glucocorticoid treatment, which results in impaired wound healing, led to a nearly complete shut-off of MMP-12 expression (67). Infected and chronic wounds have been associated with persistent elevation of MMP-9, and its detection in postoperative wound fluids is considered to be an early indicator of impaired healing and relates to the amount of collagen deposition later in the wound healing process (208) . Other studies have shown that MMP-2 is localized to the connective tissue fibroblasts and endothelial cells during all phases of wound healing. In contrast, mucosal epithelium is practically devoid of MMP-2, and only the basal cell layer expresses MMP-9 in the migrating epithelial cells, with strong expression in granulation tissue. Cytokines such as TGF-β1, IL-1β, bFGF, TNF-α, and IFN-γ differentially regulate the expression of MMPs and TIMPs in various cells types; IL1-β and TNF-α enhance MMP expression (67) (68) (69) (70) 201, 202) . Human dermal wound healing has also been shown to be associated with agerelated increases in MMP-2 and MMP-9, MMP-2 was found in association with epidermal structures, while MMP-9 was observed in inflammatory cells (210) . MMP-8 and MMP-13 were clearly reduced in the skin wound extracts of chemically modified tetracycline (CMT-8) treated rats compared to ovraictomized rats, suggesting that CMT-8 and estrogen have a beneficial effect on skin wound healing, possibly by increasing the collagen content and by reducing MMP-mediated collagenolysis (211) .
We have provided evidence that peritoneum and adhesion tissues express MMPs and TIMPs with TIMP-1 levels significantly higher in fibrous adhesions than in the peritoneal serosal tissue (76, 77) . This increase in TIMP-1 expression in fibrous adhesions paralleled the expression of TGF-β1 and integrin (99, 114) . Under in vitro conditions, TGF-β1 inhibits the expression of MMPs and increases TIMPs, decreasing matrix degradation and increasing tissue fibrosis (22, 67) . Studies using isolated peritoneal mesothelial cells and adhesion fibroblasts indicated that TGF-β1 also increases the level of collagens, fibronectin and TIMP-1, while it reduces the expression of MMP-1 mRNA by these cells (75, 107, 109, 179) . Mesothelial cells also express MMP-1, MMP-3, TIMP-1 and TIMP-2 mRNA and protein at various levels, with the expression TIMPs being quantitatively the highest (75, 107, 109, 179) . Treatment with TGF-β1 resulted in a significant increase in the expression of TIMP-1, but not TIMP-2, mRNA in mesothelial cells, while down-regulating MMP-1 and MMP-3 (75) . In contrast, TGF-β1 The blocking of MMP activity has been studied for its potential therapeutic efficacy in controlling pathologic processes. Synthetic MMP inhibitors, most notably the hydroxymates, have been engineered for this purpose and are presently undergoing clinical trials. These inhibitors may have broad or specific MMP inhibitory activity. However, non-matrix degrading capabilities of MMP have also been recognized, and include cytokine activation, processing of proteins to molecules of distinct biologic function. Thus it is less clear whether nonselective inhibition of MMP activity for all pathologic processes involving MMP is appropriate (67, 212) . Treatment of wounds with tetracycline analogues that inhibit MMP-2, but not MMP-9 production, is reported to inhibit migration and growth of mucosal and skin keratinocytes and keratinocyte growth. TGF-β treatment increased keratinocyte migration as well as the cell-associated and secreted MMP-2 production with partial conversion into an active form. Batimastat totally blocked TGFβ-induced keratinocyte migration (212) . Another MMPs inhibitor, GM 6001 topically applied to the dermal wound did not influence the degree of dermal inflammatory cell infiltrate or epithelial proliferation, although it reduced reepithelialization which was not due to interference with the inflammatory response or epithelial proliferation (212) . In a comparative study of GM-6001 action in dermal and peritoneal wound healing and peritoneal adhesion formation, it has been found that MMP inhibitor has limited effect on the outcome of peritoneal healing and adhesion formation (213) . In colonic anastomosis treatment with BB-1101, a synthetic broad-spectrum MMP inhibitor, increased anastomotic breaking strength without affecting collagen accumulation or infiltration of neutrophils in anastomotic area. The result indicates that alteration in MMPs expression during the critical early postoperative phase may increase the risk of anastomotic dehiscence (214) .
As illustrated these proteases and their inhibitors are key regulators of many phases of wound healing. Since they are expressed differently in peritoneal wounds and adhesion tissues, and tissue injury is often associated with altered expression of proteases, we proposed that tissues with a higher basal expression of these molecules are more predisposed to develop more adhesions compared to others.
PROSPECTIVE
Whether induced by infection, inflammation, ischaemia, and/or surgical injury, peritoneal adhesions are the leading cause of pelvic pain, bowel obstruction and infertility, and cause a substantial burden during reoperative procedures as well as increasing medical cost. It is also clear that while postsurgical peritoneal wounds heal without adhesions in some patients, others develop severe scarring from seemingly equal procedures; in addition in the same patient, adhesions can develop at one surgical site and not in another. The mechanisms underlying the predisposition to form adhesions as well as their site specificity are completely unknown. However, a large number of intraperitoneal surgical procedures are performed each day in the USA, and thus many patients are at risk of developing postoperative adhesions. Therefore, the understanding of adhesion formation at the molecular level is essential and in the absence of such information, attempts to prevent patients from developing adhesions will remain an empirical process.
The unprecedented advancement in molecular biology during the past decade has led to the identification of many biologically active molecules with the potential of regulating inflammatory and immune responses, angiogenesis and tissue remodeling, events that are central to normal wound healing as well as to tissue fibrosis associated with adhesion formation. The list of molecules that modify the wound healing process has also grown substantially, with increasing insight into their importance in the development of tissue fibrosis. However, their major roles in peritoneal biological functions and the adhesion formation remain speculative at best. Interestingly, there are common and overlapping biological functions among many growth factors, cytokines, chemokines and proteases that are evolved from the recruitment of multiple signaling molecules with similar downstream pathways. These molecules are also able to compensate for the function of a deleted gene product by using alternative pathways to trigger the full-scale activation of cellular response. Such functional pleiotropy and redundancy, a characteristic feature of many of these molecules, has been attributed to the molecular structure of their receptor and to the binding protein system. Elucidating how key regulatory molecules of the signaling pathways cooperate and interact, as well as factors involved in their downstream cascades, in peritoneal mesothelial cells and adhesion fibroblasts may allow the identification of molecules that are potentially vital in peritoneal repair, cellular invasion, and tissue fibrosis. This information could allow design and exploration of the use of specific modulators (inhibitor/stimulator) for their potential therapeutic applications in adhesion prevention and other disorders such as endometriosis and peritoneal cancers. For instance, several therapeutic interventions have been shown to be effective in modulating cellular behavior in disorders that could be potentially useful in modulating peritoneal wound healing and adhesion formation. These include synthetic inhibitors of cell invasion (marimastat, Neovastat, AG-3340), adhesion (Vitaxin), or proliferation (TNP-470, thalidomide, Combretastatin A-4). Compounds that interfere with angiogenic growth factors (IFN-α, suramin, and analogues) or their receptors (SU6668, SU5416), as well as endogenous inhibitors of angiogenesis (endostatin, IL-12), are currently being evaluated in clinical trials for the treatment of a variety of disorders (215) . Modification of cellular function through gene targeting is also a promising therapeutic modality. The incorporation of genetically modified peritoneal mesothelial cells might be useful in preserving the normal physiological function of peritoneum during peritoneal dialysis, and through the production of proteins with therapeutic property could safeguard the peritoneal membrane against injury. Such local genetic modification could also be applied to alter the behavior of a variety of pathological conditions affecting the peritoneum, including carcinomas, such as ovarian cancers mesotheliomas, and endometriosis. For instance, IP administration of antisense oligonucleotides, plasmids, and viral vectors that are been evaluated for their efficacy in cancer biology have a potential application in adhesion prevention. IP administration of Semliki Forest virus (SFV) particles encoding recombinant murine GM-CSF to alter recruitment and activation of inflammatory cells and ovarian tumor growth, revealed a high level of incorporation in peritoneal mesothelial cells (216) . Due to the exclusive uptake of viral particles by mesothelial cells, ex vivo gene transfer into mesothelial cells isolated from the peritoneal membrane, genetically modified in vitro and subsequently re-implanted back onto the peritoneal cavity of syngeneic recipients for in vivo gene therapy. This use of genetically modified peritoneal mesothelial cells may be of therapeutic value in maintaining the fibrinolytic balance in the peritoneal cavity, altering peritoneal inflammation, angiogenesis, cell migration, and the development of peritoneal adhesions or peritoneal physiology to prevent membrane damage and to maintain dialyzing performance (217, 218) . Another therapeutic approach has been the IP delivery of recombinant therapeutic proteins from a universal microencapsulated cell line as an alternate method for gene therapy. This approach has proved effective for the treatment of several murine models of human genetic diseases. However, in scaling up to large animal models, IP implantations of microcapsules have been associated with an excessive inflammatory response and rapid degradation, although implantation at a surgical site induced less inflammation, and permitted longer-term survival of microcapsules. However, adhesions consist mainly of migrating fibroblasts and it appears that cell type-specific gene delivery is essential for in vivo gene therapy. Interestingly, retroviral vector particles derived from the spleen necrosis virus, which display the antigenbinding site of an antibody on the viral surface have been used to infect cells expressing a receptor recognized by such as antibody, an approach that can be applied using mesothelial cells (219) . Mesothelial cells are easy to obtain and propagate from individual patients, and following their genetic manipulation to express therapeutic proteins at useful levels such cells appear to provide a tool with clinical potential based on ex vivo gene therapy (220) .
In recent years several biodegradable devices have been either marketed or are in clinical trials to prevent postoperative adhesion formation (Table 1) . Although their addition to the field of adhesion preventative devices is welcomed, they appear to have either a limited or insignificant usefulness in the prevention of adhesion formation. In addition, the choice and utilization of these devices most often has been determined by their availability to the investigator, rather than on the basis of rigorous scientific investigation. Because these devices are of potential use for site-specific delivery of bioactive molecules, a clear understanding of their biocompatablity with the peritoneal environment as well the most effective forms (membrane, gel or liquid) to carry and appropriately release these molecules is required.
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